Abstract Central to the understanding of the relationships between diet, gut microbiota, and vitamins D and A in multiple sclerosis is low-grade inflammation, which is involved in all chronic inflammatory diseases and is influenced by each of the above effectors. We show that food components have either proinflammatory or anti-inflammatory effects and influence both the human metabolism (the Bmetabolome^) and the composition of gut microbiota. Hypercaloric, high-animal-fat Western diets favor anabolism and change gut microbiota composition towards dysbiosis. Subsequent intestinal inflammation leads to leakage of the gut barrier, disruption of the blood-brain barrier, and neuroinflammation. Conversely, a vegetarian diet, rich in fiber, is coherent with gut eubiosis and a healthy condition. Vitamin D levels, mainly insufficient in a persistent low-grade inflammatory status, can be restored to optimal values only by administration of high amounts of cholecalciferol. At its optimal values (>30 ng/ml), vitamin D requires vitamin A for the binding to the vitamin D receptor and exert its anti-inflammatory action. Both vitamins must be supplied to the subjects lacking vitamin D. We conclude that nutrients, including the nondigestible dietary fibers, have a leading role in tackling the low-grade inflammation associated with chronic inflammatory diseases. Their action is mediated by gut microbiota and any microbial change induced by diet modifies host-microbe interactions in a consequent way, to improve the disease or worsen it.
Introduction
Multiple sclerosis (MS), a debilitating disease that affects young adults, especially women, is a chronic demyelinating and neurodegenerative disease of an inflammatory and autoimmune nature, whose etiopathogenesis is not yet known.
According to Compston and Coles [1] , BMultiple sclerosis is primarily an inflammatory disorder of the brain and spinal cord in which focal lymphocytic infiltration leads to damage of myelin and axons^.
This definition of MS is useful to highlight that inflammation or, more precisely low-grade inflammation, is the primary target to address in order to ameliorate the course of the disease [2] . Here we show that there is a direct link between human dietary behaviors, gut microbiota, vitamin D, and MS (including other inflammatory neurological disorders), and that nutritional intervention and administration of vitamins D and A (in the case of hypovitaminosis D) may be effective tools with which to dampen low-grade inflammation.
What is the evidence for a role of diet and gut microbiota in the low-grade inflammation associated with MS?
MS is a multifactorial disease and various environmental factors may have a role in its development [3] . Environmental factors are of 2 types: a) of nondietetic origin: 1) viral infections (no association with Epstein-Barr virus was established in the BENEFIT study [4] ); 2) heavy metal poisoning [5] ; 3) cigarette smoke (no association with tobacco was Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13311-017-0581-4) contains supplementary material, which is available to authorized users.
established in the BENEFIT study [4] ); b) associated with dietary habits and metabolic conditions: 1) excess body weight in childhood and adolescence [6, 7] ; 2) low vitamin D status [8, 9] ; 3) sedentary lifestyle and high-animal-fat/highsugar Western diets [10] [11] [12] [13] .
However, there are some indications suggesting that dietary habits and lifestyle, rather than infections or nondietary factors, may influence the course of disease: 1) The geographical distribution of MS is more prevalent in Western countries at northern latitudes, i.e., with lower exposure to sunlight. However, as the disease is not widespread in Eastern countries at the corresponding latitudes, what makes the difference is the sedentary lifestyle and the energy-dense dietary habits of Western countries, not the lower availability of vitamin D, which seems to be widespread worldwide [14] . 2) Western diets are associated with postprandial inflammation [15] . 3) High body mass index (BMI) before the age of 20 years is associated with 2x increased risk [16] .
The question of whether food is actually related to lowgrade inflammation and how it can control it arises. This is fundamental in our context because inflammatory injuries are major drivers of neural damage in MS [2] . In this regard, it is possible to affirm that specific dietary factors may have either proinflammatory or anti-inflammatory effects and that these effects are exerted directly on our metabolism or indirectly through their action on gut microbiota [10] [11] [12] [13] .
In fact, gut microbiota can influence our metabolism and our inflammatory state. Moreover, through the gut-brain axis, it can also affect the condition of the central nervous system in health and disease [17] [18] [19] .
Gut dysbiosis may be associated with endotoxemia, intestinal/systemic inflammation, and trigger neuroinflammation, whereas a healthy gut microbiota may dampen the inflammatory processes with the production of antiinflammatory molecules.
This review is therefore about the relationships between nutrition, gut microbiota, low-grade inflammation, and MS. This is an important task, because, at present, MS therapy is not associated with a particular diet, probably owing to lack of information on the effects of nutrition on the disease.
Eating: A Normal Daily Act
The Food-Human Metabolome-Gut Microbiota Axis
According to the World Health Organization, Bnutrition is the intake of food, considered in relation to the body's dietary needs^. Actually, in order for food intake to become nutritious, it must be digested into simple units, then absorbed and used to provide energy or build the molecules necessary for growth, repair, and survival. This process, called nutrition, is mandatory and physiologic. Normally, food, taken in the right amount, does not cause damage to the host, given that it is natural, not processed, not adulterated, and well digested. However, as dietary habits may be proinflammatory or antiinflammatory, the choice of proinflammatory diets can lead to the human chronic inflammatory diseases typical of our time [11] [12] [13] . This may happen because food is not simply a matter of calories but influences the metabolism of the recipients. The disclosed recipients are basically 2: our metabolome and our gut microbiota. In this food-metabolome-gut axis the relationship is reciprocal: both the host and its gut microbiota metabolize their nutrients and are, in turn, transformed by them. Changes in our metabolism and in microbiota population due to our dietary habits can improve or worsen our health.
When evaluating the impact of nutrition on human health, let us take into consideration food intake beforehand: this may differ for quality, i.e., the composition of diet (what we eat), and quantity, i.e., the amount of food intake (how much we eat).
With regard to the first point (what we eat), this is relevant because food may contain dietary factors capable of activating or inhibiting nuclear receptors, transcription factors, or enzymes, which, in turn, regulate the expression of specific genes and thereby drive metabolic pathways towards either catabolism or anabolism. In principle, catabolism is associated with a healthy status, whereas anabolism may be associated with or may predispose to inflammatory processes [13] .
With regard to the second point (how much we eat), the influence of food is mainly indirect. Fasting or caloric restriction, even at times, are more appropriate for a healthy status, as they stimulate catabolism and inhibit anabolism and lowgrade inflammation, whereas hypercaloric, high-fat diets show the opposite effects. It should be pointed out that the inflammatory processes are per se anabolic.
With respect to inflammation, there are fundamentally 2 types of diets. First is the proinflammatory diet (Westernstyle), which is hypercaloric and high in saturated fat and sugar, refined carbohydrates, fried or processed food, salt, and sweetened beverages. The Western-style diet, which is an animal-based diet, favors anabolism and leads to postprandial inflammation [15] , gut microbiota dysbiosis, low-grade inflammatory status, and chronic inflammatory diseases [17] [18] [19] . Second is the anti-inflammatory vegetarian/vegan diet, which is basically hypocaloric or regular, favors the catabolism, and downregulates inflammation.
Dietary Habits Influence the Composition of Gut Microbiota
In humans, the process of digestion and absorption of food occurs in the gastrointestinal tract. At the interface between the gut wall and food an enormous number of microbes, mainly bacteria, called gut microbiota, attend the banquet. It is now known that they have not only a strong influence on food absorption, but also on neuroendocrine and inflammatory processes, as well as on brain health [17] [18] [19] .
The first question to arise is whether nutrition can really influence the composition of gut microbiota and therefore how it may control the number and diversity of gut bacteria. We will see later that the same question is valid for lifestyle and, in particular, physical exercise: have they an influence on gut microbiota and how?
The explanation for the effect of diet is simple: the type of diet changes the composition of gut microbiota by promoting the growth of one or another bacterial species, depending on which is fed.
However, how to check the changes? Actually, the composition of gut microbiota is very complex and highly variable, both with regard to taxa and between individuals (each individual has his/her own Bunique^gut microbiota).
For convenience, we can restrict our attention to the 2 most abundant clusters of gut microbiota: 1) the Bacteroidetes/ Prevotella (Cluster B); and 2) the Firmicutes/ Bacteroidetes/ Clostridiales (Cluster F). The above taxa are very suitable biomarkers of gut microbiota, as they correlate well with diet, lifestyle, and disease.
In fact, most of the Bacteroidetes, which are mainly Gramnegative, love to sit at the table of vegans, as they can use as fuel the resistant starch and oligosaccharides present in fibers (inulin and galacto-oligosaccharides) that are not digested in the small intestine. The bacteria fed with fibers produce in the large intestine short-chain fatty acids (SCFAs), such as acetate, propionate, and, in particular, butyrate [20] .
However, most of the Firmicutes, which are mainly Grampositive, prefer to sit at the table of Western diet dishes, which are based on high animal fat and refined carbohydrates, as they do not have the machinery for the digestion of complex carbohydrates and prefer macronutrients of animal origin (saturated fatty acids and proteins). Animal-based diets are often energy-dense and poor in fiber. The bacteria that cannot digest fiber and use fat, protein, and simple sugars for their growth are also the more suited to harvest the energy taken in excess, as in the case of the Western diet [21] .
In the study of Tilg et al. [21] , it was shown that in the transition from a diet rich in carbohydrates, but low in fat, to a high-carbohydrate/high-fat diet, gut microbiota changes: the number of Bacteroidetes species decreases, while the presence of Firmicutes first increases and then prevails, mainly in the form of Mollicutes, which are parasites. The overall microbial diversity decreases dramatically. Tilg et al. [21] concluded that gut microbiota respond adequately to the change of feeding, selecting bacteria that have a higher metabolic capacity and are more suited to extract energy from a Western-style diet.
In the study by De Filippo et al. [22] , fecal samples of African children, whose diet was hypocaloric (662-992 kcal/day) and rich in fiber (10 g/day), were compared with those of Italian children, whose diet was an energy-dense, Western-style diet, based on meat, animal fat, refined carbohydrates, and sweetened beverages (1068-1512 kcal/day) with a limited amount of fiber (5.6 g/day). De Filippo et al. [11] observed 2 different populations of gut microbiota depending on the different diets. Bacteroidetes (B) (mainly Prevotella and Xylani species) prevailed in the fecal samples of African children (73%) over the Firmicutes (F) (12%), whereas in the samples of the Italian children Firmicutes (F) (51%) prevailed over Bacteroidetes (B) (27%).
The above studies, and others not mentioned here, demonstrate that dietary habits determine the composition of gut microbiota and change it from a Bhealthy^to a dysbiotic microbiota and vice versa.
The BHealthy^Gut Microbiota
In general, the human gut microbiota can quickly adapt to diet changes. This is demonstrated by the fact that we can change our diet without problem, even from day to day. This is because the diversity of gut microbiota populations is very high [23, 24] .
David et al. [25] showed that diets can rapidly alter the composition of human gut microbiota, but if the diet is not prolonged, the composition of gut microbiota returns to its original values within a couple of days. An effective change of gut microbiota composition requires persistent dietary habits.
Once clarified that the composition of gut microbiota can change according to the type of diet, it remains to be explained what this has to do with health or illness; in other words, what does it mean to have a healthy or a dysbiotic intestine.
Indeed, what is a Bhealthy^gut microbiota? To assess what a healthy gut microbiota is would mean identifying the microbial ecosystems of healthy individuals, which is not quite possible, owing to the high variability of the population associated with a healthy condition. A specific set of microbes that can be associated with a healthy status in all individuals does not exist, as it depends on geographical locations, dietary habits, lifestyle, genetics, and early-life exposure. Every individual, every population, has its own story. It would be better to correlate a healthy status at a functional level rather than at a taxonomic level.
The premises for a healthy status of the gut are that bacteria are well represented therein in number and remarkable diversity. Diversity ensures a greater capability to resist to stress, infections, or metabolic changes, and to recover afterwards. Thus, is it better to have a healthy microbiota with a high biodiversity or with a high gene count [26] ? As reported in the article by Tilg et al. [21] , changing the diet into one rich in refined carbohydrates and animal fat leads not only to a prevalence of Firmicutes, but also to Ba dramatic fall of overall diversity of gut microbiota^.
If so, we can agree that an energy-dense Western-style diet, based on high animal fat/ high sugar, is unhealthy because it leads to a lower representativeness of different bacteria. This decrease cannot be ascribed only to the fact that vegetarian/vegan-diet bacteria do not receive enough of their preferred food, but also because they have to encounter environmental changes less suitable for their life, owing to the prevalence of Bcarnivorous^bacteria.
Two Classes of Bacteria: Those Based on an Animal Western-Style Diet (W-diet) and Those Based on a Vegetarian/Vegan Diet (V-diet) -An Arbitrary Classification
Once we have established that diet can change the composition and biodiversity of gut microbiota, we have to determine what the consequences of such modifications are, including the local environmental changes in the gut, that influence the relationships between gut microbiota and the host.
By addressing this point, we realized that the Firmicutes/ Bacteroidetes (F/B) ratio is no longer adequate to describe the effects of the Western and vegetarian/vegan diets on gut microbiota. Indeed, owing to their relative abundance, the F/B ratio may be an artifact [27] , and may not adequately match the change in intestinal ecology determined by the different diets. This is easier to understand if we consider that among the vegan-diet bacteria there are both Firmicutes (e.g., Clostridium, Faecalibacterium, Lactobacillus, Eubacterium, and Roseburia, all Gram-positive bacteria), Bacteroidetes (e.g., Prevotella and Bacteroides, both Gram-negative), and Actinobacteria such as Bifidobacterium (Gram-positive), among others. In this context, this heterogeneity explains why the separation into Western-style diet and vegetarian/vegan diet bacteria can be more useful than the F/B ratio.
Therefore, in the continuation of this work, we will reduce the gut microbiota population into 2 main arbitrary classes, taking into account only their propensity for one or the other diet. In the first class we have bacteria that prefer the Westernstyle diets (low in fiber); in the second class we have bacteria that prefer the vegetarian/vegan diets and that are capable of digesting resistant starch and complex oligosaccharides.
Characteristic Habitats Correspond to Specific Gut Microbiota Populations
The World of Bile Acids Produced by Western-Style Diet Bacteria in the Intestine
The prevalence of either Western-style diet or vegetarian/vegan diet bacteria have specific effects on the intestinal habitat.
With regard to the Western-style diet bacteria, David et al. [25] showed that administration of an Banimal-based diet^led to a noteworthy fall in bacterial diversity, with enrichment of Bilophila wadsworthia, Alistipes putredinis, and Bacterodes species, whereas administration of a plant-based diet led to higher bacterial diversity and enrichment of the saccharolytic microbes Roseburia, Eubacterium rectale, and Faecalibacterium prausnitzii. The genus Prevotella was the most sensitive to the intake of fibers.
The decrease of bacterial diversity in the animal-based diet was explained by the fact that high fat intake leads to the production of a high amount of bile acids, such as deoxycholic acid [25] and lithocholic acid [28] . Many bacteria, mainly devoted to a plant-based diet, do not survive in the deoxycholate environment, whereas those on an animal-based diet, such as B. wadsworthia, A. putredininis, and Bacterodes species, are bile-resistant. Incidentally, it is to be noted that the B. wadsworthia is a dangerous opportunist linked to inflammatory bowel disease, whereas the presence of F. prausnitzi is correlated with a healthy gut microbiota [29] .
In conclusion, one important aspect of the Western-style diet bacteria is the production of bile salts, which causes a reduction in microbial diversity. However, in the case of a vegetarian/ vegan diet, the saccharolitic bacteria are fed and are not destroyed, and the diversity of gut microbiota is saved. The same as for the vegetarian diet is true for lifestyle, in particular doing physical activity instead of being sedentary [30] .
The Beautiful Butyrate World of Vegetarian/Vegan Diet Bacteria
As the structure of polysaccharides is very complex, much more than that of DNA and proteins, being made of > 120 monosaccharides, linked and branched in several ways, the hydrolysis of carbohydrate polymers requires a lot of enzymes. This means that digestion by gut microbiota of such complex carbohydrates drives microbial diversity.
Accordingly, vegetarian/vegan diet (V-diet) bacteria are required in larger numbers than Western-style diet bacteria, because their substrates are very complex and require a very large number of hydrolytic enzymes to degrade dietary fibers to oligosaccharides and monosaccharides, which then go on to fermentation to form the SCFAs acetate, propionate, and butyrate [31] .
The colonic vegetarian/vegan diet bacteria are protective and anti-inflammatory, mostly because of their production of SCFAs, in particular butyrate [32] . The most important activities for SCFAs are the following [33] : 1) they induce Foxp3 + T regulatory (Treg) cells and tolerance; 2) they induce the secretion of IgA from B cells; 3) they inhibit pathogens, also by Bcompetitive exclusion^; 4) they promote the secretion of mucus by gut epithelial cells; 5) they contribute to the integrity of the intestinal barrier, in particular by stimulating the formation of the proteins of tight junctions, and promoting tissue repair and wound healing; 6) they inhibit the proinflammatory transcription factor nuclear factor kappa B (NF-κB) and reduce oxidative stress.
Particularly important is butyrate. Butyrate is the main energy source of epithelial cells of the colon and protects them by decreasing the pH. A lower pH reduces the solubility of bile salts and the absorption of ammonia, and increases mineral absorption.
Other symbiotic products of gut microbiota that are useful for the host are mentioned in Fig. 1 : polysaccharide A [34] , which stimulates immunologic development of the host, and the microbial anti-inflammatory molecule (MAM), an inhibitor of NF-κB produced by F. prausnitzii, which is deficient in Crohn's disease [35] .
Moreover, brain disorders may be associated with imbalances in protein acetylation and may show transcriptional dysfunction. Histone acetylation is altered in numerous stressrelated disease states. Histone deacetylase inhibitors represent a promising therapeutic option to correct these deficiencies and butyrate is one of the most effective histone deacetylase inhibitors [36] .
Finally, dietary tryptophan is metabolized by gut microbiota into agonists of the aryl hydrocarbon receptor (AHR). These metabolites activate AHR signaling in astrocytes and suppress or reduce central nervous system inflammation. It is important to note that in persons with MS the circulating levels of AHR agonists are lower [37] .
Intestinal Endotoxemia and Failure of Intestinal Barrier Integrity
With the animal diet, Western-style diet bacteria grow and prevail on the vegetarian/vegan diet bacteria, which miss their vegetarian/vegan diet and do not survive in the presence of bile acids. With the decrease of vegetarian/vegan bacteria their symbiotic action is lost. In particular, their effect on the compaction of desmosomes [38] and tight junctions is reduced. A high-fat diet induces the production of interleukin (IL)-17A. IL-17A decreases the expression of peroxisome proliferatoractivated receptor-α, which is anti-inflammatory and inhibits fatty-acid oxidation [39] . The increase of the endotoxin lipopolysaccharide (LPS), resulting from the changes of gut microbiota composition caused by the Western-style diet, activates Toll-like receptor (TLR)4 receptors, stimulates T helper cell (Th)17 differentiation [40] , increases phosphorylation of the proinflammatory transcription factor NF-κB and the release of inflammatory mediators, and induces the opening of the gastrointestinal barrier, allowing the passage of LPS, T cells, cytokines and bacteria, and the rising of systemic inflammation (Fig. 2) .
In the study by Pendyala et al. [41] , 4 weeks of feeding with a Western-style diet increased the plasma levels of LPS by 71%. In another study, the levels of plasmatic and fecal LPS were found to correspond to an increase in the F/B ratio in aged mice.
In conclusion, a Western-style diet leads to gut dysbiosis, LPS-inducible low-grade inflammation, and chronic inflammation. Obviously, a persistently altered microbiota is associated with a persistent low-grade inflammation.
However, what is the link between diet, gut microbiota, and neuroinflammatory diseases?
Gut Dysbiosis and Low-Grade Inflammation as Triggers of Neuroinflammation
It is more or less acknowledged that gastrointestinal diseases, such as inflammatory bowel disease and colonic cancer, are associated with a dysbiotic microbiota. Alteration of gut microbiota has also been observed with obesity, diabetes, allergy, arthritis, and cardiovascular diseases. More recently, it has been suggested that gut microbiota might have a role in neurological disorders [42, 43] . However, we are just at the beginning of the story, which, at present, is only at a descriptive level, and it is not yet clear what the role of gut microbiota in neuroinflammation and neurodegeneration is.
In 2011, we suggested that gut dysbiosis might influence the course of MS [11] . This suggestion was substantiated by the work of Berer et al. [44] , which showed that gut microbiota is required for the development of experimental autoimmune encephalomyelitis (EAE) induced with the autoantigen myelin oligodendrocyte glycoprotein (MOG), as germ-free mice did not developed any disease.
The idea that the gut microbiota has a direct role in neurological disorders has been reinforced by other observations. People with MS have a distinct gut microbiota [45] [46] [47] and individuals with Parkinson's disease (PD) also have specific fecal gut microbes compared with healthy controls [48] .
The question arises of whether gut dysbiosis is associated with an infectious burden, as suggested for PD and Alzheimer's disease (AD) [49, 50] , or if it is effective in itself. To understand this point, we show in Fig. 2 a possible path from a Western diet through to neuroinflammatory diseases via the change of gut microbiota composition.
As shown in Fig. 2 , proinflammatory dietary habits change first of all the composition of gut microbiota: there is an increase of Western-style diet bacteria, which prevail over saccharolitic bacteria, and a reduced bacterial diversity in the gut. This change leads to an increase in LPS; an increase in the Th17/Treg ratio; expression of proinflammatory cytokines, such as IL-6, IL-1β and tumor necrosis factor-α; onset of intestinal inflammation, downregulation of occludin, the tight junction protein; and increase of intestinal barrier permeability. Indeed, the gut microbiota has a strong influence on gut barrier integrity and the first consequence of dysbiosis is the increase of gut barrier permeability. An altered permeability of the intestinal barrier has been recently reported in relapsingremitting MS [51] .
The disruption of the intestinal barrier allows the passage of LPS, peptides, and proteins of immunological interest, and also the slow translocation in the circulation of gutassociated lymphoid tissue (GALT)-activated autoreactive lymphocytes [52] and of gut bacteria [47] . Indeed, people with MS showed a slow translocation of bacteria from gut into the circulation [47] . It is not yet known if the translocating gut bacteria have a specific role in the development of MS, and if this will allow microbiota therapies for patients in MS in the future.
The low-grade endotoxemia (LPS > 200 pmol/ml) sustains a low-grade systemic inflammatory status and the progression of MS. Besides MS, other chronic neuroinflammatory disorders, such as PD and AD, stroke, and psychiatric disorders may be involved.
For this to happen, the blood-brain barrier (BBB) must lose its integrity. This is the premise for neuroinflammatory processes. The disruption of the BBB may be ascribed not only to infectious agents, trauma, fever, and other triggering agents, but may also simply be due to those molecules and cells contributing to the low-grade inflammation originating from gut dysbiosis. In fact, it may be expected that the same factors that have led to a persistent leakage of the intestinal barrier in the course of intestinal inflammation are also able to cause BBB disruption. Fig. 2 The pathway from diet to neuroinflammation through gut dysbiosis Treg = regulatory T cell; Th = T helper; LPS = lipopolysaccharide; BBB = blood-brain barrier
In conclusion, the main link between nutrition and neuroinflammatory disorders is gut dysbiosis, caused by wrong dietary habits. Gut dysbiosis causes low-grade endotoxemia, disruption of the gut barrier, leakage of LPS, protein, and cells of immunological importance into the circulation, and then the rising of low-grade systemic inflammation, breakdown of the BBB, activation of microglia and astrocytes, and, finally, chronic neuroinflammatory disorders.
The Role of Diet in MS and Other Neuroinflammatory Diseases
Up to 7 years ago diet was by no means considered to have an influence on the course of MS, and the role of the gut microbiota in MS was judged to be only speculative, without any foundation. The impact of food on the intestine was taken in consideration only in case of intestinal disorders, obesity, cardiovascular disease, and cancer. It is now clear that our dietary habits influence our health, including neurological disorders, such as MS, PD, AD, autism, stroke, mood, and irritability.
In light of what has been said so far, a healthy diet must have a high fiber content (> 10-15 g/day) and must be varied as much as possible, as this can allow a larger number of different microbial species.
With regard to low-grade inflammation and its control by a dietary intervention, we must be aware that food contains factors that have pro-or anti-inflammatory properties. In the case of chronic inflammatory diseases, the diet should be antiinflammatory and therefore be mainly vegetarian. In the following subsections we will only briefly mention pro-and antiinflammatory foods and their properties, as this has been covered previously [10] [11] [12] [13] .
Proinflammatory Dietary Factors
A list of the proinflammatory dietary factors is provided in Table 1 .
Saturated fatty acids (SFAs), the major components of animal fat, were first taken into consideration by Swank in 1950 [53] and their negative effects on the course of MS were reported by Swank and Goodwin [54] much later. The adverse effects of SFAs were ascribed to their proinflammatory character. SFAs are, indeed, very similar to LPS, as they are structural components of lipid A present in all pathogenic LPS [55] . As with LPS, SFAs bind to the TLR-2 and TLR-4, and activate the pr-inflammatory transcription factor NF-κB [56, 57] . Their persistent intake leads to a dysbiotic gut microbiota and to low-grade endotoxemia. Trans fatty acids are vegetable oils that have been hydrogenated. They interfere with the metabolism of natural unsaturated fatty acids, which have the cis configuration. The intake of trans fatty acids is associated with gut inflammation and upregulation of Th17 cells.
Red meat contains more heminic iron than white meat. In processed, nitrite-preserved red meat the formation of nitroso compounds may be high. Moreover, red meat and milk products have N-glycolylneuraminic acid (Neu5Gc), a major sialic acid, which we are no longer able to express. Dietary Neu5Gc can increase chronic inflammation, as we have circulating anti-Neu5Gc antibodies. Finally, meat contains arachidonic acid [the omega-6 (n-6) polyunsaturated fatty acid (PUFA), which is the precursor of proinflammatory eicosanoids (prostaglandins, thromboxanes, leukotrienes)], which activates the Th17 pathway.
In Western diets, the high intake of sugar-sweetened beverages and refined cereals, with low fiber content, leads to the increase of insulin production, which, in turn, upregulates the biosynthesis and production of arachidonic acid.
High dietary salt intake can induce pathogenic Th17 cells and related proinflammatory cytokines [58] .
Milk fat is dispersed in vesicles, each of which is protected by a membrane with particular proteins called Bproteins of the milk fat globule membrane^(MFGM) [59] . These minor milk proteins (only about 1% of the total) have an informational rather than a nutritional value, as they are needed for correct formation of the digestive, nervous, and immune systems in infants. Obviously, such information is no longer required in adulthood. The MFGM proteins may have a relevant role in MS. In fact, the major MFGM protein (40% of the total), butyrophilin, is very similar to MOG, one of the candidate autoantigens in MS. Both butyrophilin and MOG induce EAE and share cross-reactive antibodies in MS, autism, and coronary heart disease [59] . On these grounds, persons with MS should drink skimmed milk.
Proinflammatory Dietary Habits: Hypercaloric Diets and Postprandial Inflammation
After an energy-dense meal, a temporary low-grade inflammatory response may follow, the extent of which depends on the quantity and type of food [15] : 1) calorie intake-the higher the calories, the more the oxidative stress is induced; 2) glycemic load of the meal-acute postprandial glycemic peaks may induce a release of insulin much higher than necessary; 3) lipid pattern-saturated animal fat, trans fatty acids, and omega-6 (n-6) long-chain PUFAs all promote postprandial inflammation. Postprandial inflammation is reduced by n-3 PUFAs, polyphenols, caloric restriction, and physical exercise (mentioned below), which are anti-inflammatory.
Anti-Inflammatory Dietary Molecules and Microorganisms
Specific dietary molecules are able to downregulate inflammatory processes by inhibiting proinflammatory transcription factors as NF-κB and activator protein 1, or by modulating the activity of enzymes involved in inflammatory events.
The most important anti-inflammatory dietary compounds are listed in Table 2 . Most of them, but not the n-3 PUFAs, are antioxidants, which make them very useful, as oxidative stress is an important component of the inflammatory processes leading to degradation of myelin and axonal damage. Oxidative stress and inflammation are present in relapsing-remitting and in primary and secondary progressive MS [60, 61] .
As reported in Table 2 , the anti-inflammatory molecules can be divided into 2 groups.
Group 1
The compounds of the first group can be considered Bintrinsic^to the body or, in other words, familiar with the metabolome. They usually participate in our metabolism, can be either synthesized or stored in our body, or may act as coenzymes or cofactors in catalysis. They are: 1) omega-3 (n-3) PUFAs (fish oil); 2) vitamins D, A, B 12 , C, E, and PP; 3) carotenoids (lycopene); 4) oligoelements (selenium, zinc, magnesium); 5) thiolic compounds (lipoic acid; N-acetilcysteine).
Omega-3 Polyunsaturated Fatty Acids n-3 essential fatty acids (EFAs) and PUFAs are important fatty acids required to balance the proinflammatory activity of SFAs, n-6 PUFAs, and trans fatty acids [13, 62, 63] . The EFAs, linoleic acid (n-6) and linolenic acid (n-3), are found in vegetable and vegetable oils. Linoleic acid is the precursor of arachidonic acid and its proinflammatory eicosanoids, whereas linolenic acid is the precursor of n-3 PUFAs.
With regard to PUFAs, it is important to note that n-6 (proinflammatory) and n-3 (anti-inflammatory) fatty acids have opposite effects and their presence in the diet should be equivalent [63] . However, in Western diets the ratio of n-6/n-3 is increased from 6 to 15 times, or even more, which leads to a higher incidence of chronic inflammatory diseases. The n-3 long-chain PUFAs, eicosapentaenoic acid and docosahexaenoic acid, may derive from n-3 linolenic acid, or from the intake of seafood and fish oil. They inhibit the synthesis of proinflammatory eicosanoids, fatty acids, and cholesterol, and stimulate the oxidation of fatty acids. On this basis, in chronic inflammatory diseases such as MS, n-3 EFAs and n-3 PUFAs should prevail in the diet over the n-6 fatty acids.
Vitamins Vitamins, such as vitamin D [9] , vitamin A [64, 65] , vitamin E [66] , vitamin B12 [67] , and niacin [68] , but, in particular, vitamins D and A, have fundamental antiinflammatory and metabolic roles.
Carotenoids Among the carotenoids, the most important is lycopene (tomato, water melon, pink grapefruit) [69] . To be a very strong antioxidant, lycopene can form β-carotene and retinoic acid, the latter of which can activate the retinoid X receptor (RXR).
Oligoelements Oligoelements, such as selenium [70] , zinc [71] , and magnesium [72] , have important immunomodulatory, antioxidant, and anti-inflammatory properties. Zinc, which is present in myelin and binds to myelin basic protein, is also important for myelin assembly [73] .
Thiolic Compounds Compounds containing thiol groups (-SH), such as α-lipoic acid, glutathione, and N-acetylcysteine, should be taken into consideration as dietary supplements to be used for the complementary treatment of MS. ALA is antiinflammatory and stabilizes the integrity of the BBB [74, 75] . NAC might also be useful in neurological disorders, as it passes through the BBB and protects against inflammation [76] .
Group 2
The second group of anti-inflammatory dietary factors is made of natural substances that can be considered to be Bforeign^to our body. The most important of this group are the polyphenols [13] . They can be metabolized, but not synthesized or stored in our organism.
On the basis of their structure, polyphenols are recognized as flavonoids (quercetin and cathechins) and nonflavonoids (resveratrol, curcumin, and hydroxytyrosol). They are present in vegetables, fruits, cereals, legumes, spices, herbs, chocolate, wine, tea, and coffee. Their solubility and bioavailability are very poor [77] . They show anti-inflammatory, antiangiogenic, and antiviral properties, and upregulate the catabolism [13, 78] . An important aspect of polyphenols is that they can inhibit some cytochrome P450 enzymes (CYPs) and therefore they may interfere with drugs [79] . It has been found that the anti-inflammatory effect of polyphenols in vitro may depend on their chemical structure [80] ; thus, a mixture of flavonoids and nonflavonoids may be more effective than supplementation with only 1 type of polyphenols [81] .
Microorganisms, called probiotics, such as Lactococcus lactis, Bifidobacterium lactis and Clostridium butyricum, can improve the intestinal microbial balance [82] . Their administration in diseases related to gut dysbiosis is fundamental.
Prebiotics, such as inulin, bran, lactosucrose, and oligofructose, are preferential nutrients for colonic bacteria. As already mentioned, dietary fibers are made of soluble or insoluble complex carbohydrates that cannot be digested by our body and therefore do not influence our metabolism but represent an important food source for symbiotic gut microbes, which can give health benefits to the host. Dietary fibers are anti-inflammatory and compete with dysbiotic gut microbiota. Their intake must be > 10 g/day and must be as varied as possible to increase the diversity of gut microbiota.
The Impact on Gut Microbiota of Chemicals Added to Processed Food
As mentioned above, food does not cause damage to the host per se, given that it is natural, not processed, not adulterated, and well digested. However, processed foods often contain additives, artificial flavorings, preservatives, emulsifiers, antibiotics, or contaminants, such as organic pollutants, heavy metals, pesticides, and herbicides. These minor ingredients of food may have deleterious effects on gut microbiota [83, 84] .
Dietary emulsifiers, such as carboxymethylcellulose and polysorbate 80, may lead to a decrease of gut microbiota diversity, intestinal inflammation, and reduction in mucus layer thickness. Other chemicals that may be present in food are the non-nutrient sweeteners, such as saccharin, aspartame, and stevia: they may have a bacteriostatic effect and change the composition of the gut microbiota. Organic pollutants may have dramatic effects on gut microbiota and organophosphate insecticide has been shown to induce dysbiosis.
Antibiotics are often present in foods and surface waters, although at low concentrations. They are used in livestock either as growth promoters or for prophylactic use. The persistent consumption of food containing antibiotics alters the microbiota composition in the adult, leads to a significant decrease of microbial diversity, and causes resistance to antibiotics.
Finally, the intake of rancid foods should be avoided, because they may contain harmful microbes [85] .
Proinflammatory Lifestyles Smoking
The role of cigarette smoke in MS is still controversial. Weiland et al. [86] and Munger et al. [4] have found no association between cigarette smoke and relapse rate or disease activity of MS. However, persistent cigarette smoke induces changes in gut microbiota and inflammation in the murine gut [87] and may worsen the course of MS. At the molecular level, cigarette smoke inhibits the sirtuins, deacetylating enzymes that upregulate catabolism and downregulate anabolism and inflammation [13] .
Alcohol Consumption
It seems that alcohol consumption is not associated with MS risk [88] . However, alcohol inhibits the enzyme sirtuin 1 (SIRT1) and activates the transcriptional activity of steroid regulatory element-binding protein 1c, thus promoting the biosynthesis of lipids and inflammation at the expense of oxidative metabolism [13] . Furthermore, the metabolism of ethanol converts nicotinamide adenine dinucleotide molecules to reduced nicotinamide adenine dinucleotide and limits the availability of nicotinamide adenine dinucleotide required for the activity of sirtuins and catabolic pathways, such as glycolysis. Besides, ethanol is a substrate of the P450 enzymes and can interfere with the metabolism of drugs, which are transformed by the same enzymes. Altogether, alcohol is not a nutrient: it interferes with normal metabolism and facilitates the inflammatory process. Finally, alcohol induces alterations in the intestinal immune response as a consequence of the induced dysbiosis and increases host susceptibility to infections [89] .
Anti-Inflammatory Lifestyles Caloric Restriction (Reduction of Food Intake or Controlled Fasting)
Caloric restriction, also in terms of intermittent fasting, is a very effective tool to promote a healthy state in living organisms and increase their lifespan and their health span. We are now beginning to understand that the effects of caloric restriction, due a reduction of dietary intake of 20-40%, cannot simply be ascribed to a reduced number of calories.
Caloric restriction upregulates the level of SIRT1; increases the level of adenosine monophosphate and upregulates 5' adenosine monophosphate-activated protein kinase (AMPK) and protein kinase B; increases adiponectin levels and upregulates or activates its receptors, downregulating insulin, oxidative damage, lymphocyte activation, and the progression of experimental models of multiple sclerosis [90] . The effects of caloric restriction are mimicked by agonists as resveratrol and other polyphenols, acting on the same targets (SIRT1, AMPK).
Among the effects of fasting are the decrease of insulin and the increase of glucagon. Insulin stimulates the activity of the enzymes delta-5 and delta-6 desaturases, which lead to the inflammatory n-6 PUFA arachidonic acid, whereas glucagon inhibits the above enzymes and the production of arachidonic acid.
In their study, Choi et al. [91] showed that a fasting mimicking diet for 3 days, followed by a Mediterranean diet for 6 months, was effective in ameliorating murine EAE. Accordingly, the Treg/Th17 ratio increased, whereas cytokine levels decreased.
Together with an anti-inflammatory diet, and the administration of dietary supplements (in particular vitamins D and A), caloric restriction is one of the better tools with which to ameliorate the symptoms of MS.
Physical Exercise
Physical exercise is now a common practice applied to decrease the symptoms of chronic fatigue and prevent or slow the onset of disability in patients with MS [92] . It should be considered in a holistic context in which diet, exercise, therapy, and social communication contribute to the wellness of those with MS [93] .
Physical exercise is also effective at the molecular level, as it exerts its effects on the AMPK/sirtuins/peroxisome proliferator-activated receptor network, and upregulates oxidative metabolism, while downregulating biosynthesis and inflammation [13] . Moreover, physical exercise ameliorates quality of life, stimulates the production of antiinflammatory cytokines, decreases the levels of leptin, and increases adiponectin levels and adiponectin receptor activity [94, 95] .
Studies performed on rats showed that physical exercise could alter the composition and diversity of gut bacteria [96, 97] .
Alternative or Complementary Dietary Interventions in MS
There have only been a few clinical studies on the impact of diet on the course of MS and most refer to treatments with single dietary supplements. The efficacy of dietary interventions or administration of dietary supplements in the course of MS has not yet been studied [98] .
It should be clear that diet alone or administration of a single dietary supplement can be suitable for prevention and to promote wellness, rather than for cure. Nutritional intervention is not a drug and needs months to influence the course of the disease.
However, there is a strong demand for dietary guidelines and a number of diets have been developed: BKousmine [ 99] ; BSwank^ [100] ; BPaleolithic^ [101] ; BMediterranean [ 102] ; BMcDougall^ [103] ; Bgluten-free^ [104] ; BLongo diet, mimicking fasting^ [91] ; Banti-inflammatory^ [105] . With exception of the Kousmine [99] and Swank [100] diets, all of the abovementioned diets are recent, a sign of the growing importance of diet in chronic inflammatory diseases, cancer, and senescence.
Our approach is to consider a diet from the point of view of its anti-inflammatory properties. Dietary factors of the antiinflammatory diet activate transcription factors and enzymes that upregulate catabolism and downregulate inflammation, and promote a healthy, well-balanced gut microbiota.
The Anti-Inflammatory Diet
Recently, we have carried out a pilot study to assess the influence of nutritional intervention on inflammatory status and wellness in people with MS [105] . The anti-inflammatory diet was calorie-restricted, mostly vegetarian, and associated with the administration of supplements such as fish oil, lipoic acid, resveratrol and vitamins, in particular vitamin D at a low dosage. Zymographic analysis [106] of the activity of serum matrix metalloproteinase-9, or gelatinase B, a marker of inflammatory status, showed its decrease in the majority of patients, demonstrating the effectiveness of dietary intervention [105] .
On the Administration of Vitamin D as a Supplement in MS
Vitamin D is the most promising dietary molecule for the treatment of autoimmune and chronic inflammatory diseases [14, 107] . The deficiency (< 20 ng/ml) or insufficiency (21-29 ng/ml) vitamin D [14] is generally ascribed to low exposure to sunlight. However, most patients with MS have insufficient levels of vitamin D, independently of their geographical location. For example, MS is also present in sunny Southern Italy [105] , as well as in Cyprus [108] . Rather, low levels of active vitamin D might be owing to its altered metabolism or function and not to low exposure to sunlight.
Vitamin D can be supplemented in the form of cholecalciferol. As shown in Fig. 3 , the activity of supplemented vitamin D is independent of sunlight and depends on the activity of CYP enzymes. In particular, levels of active vitamin D depend on the relative rates of its synthesis via CYP27B1 and its modifications via CYP24A1. Higher CYP24A1 expression, induced by endogenous compounds or by xenobiotics, might lead to low levels of vitamin D. vitamin A. Vitamin A, by itself, has a beneficial role in MS, for its anti-inflammatory and immunomodulatory properties [64] , and it has been shown that administration of RA can prevent the development of EAE in Lewis rats [109] and enhances oligodendroglial differentiation and remyelination [65] .
The low effectiveness of vitamin D supplementation, if supplemented at low doses, could be ascribed to the eventual polymorphisms affecting the VDR, which has been associated with obesity, inflammation, and alterations of gut permeability [110] .
Moreover, the finding that that VDR-D activates SIRT-1 [111] suggests that vitamin D also has an influence on cell metabolism and therefore may have properties similar to those of many other natural dietary supplements, i.e., upregulation of oxidative metabolism and downregulation of inflammation.
Vitamin D and Gut Microbiota
With regard to the relationship between vitamin D and the gut microbiota, emerging evidence suggests that vitamin D has an important role in maintaining the integrity of the intestinal barrier, as it enhances the tight junctions that control mucosal permeability [112] . Accordingly, vitamin D deficiency leads to disruption of the gut barrier and dysbiosis. Indeed, it has been found that VDR, which is highly expressed in small intestine and colon, regulates the composition of the gut microbiota and its deficiency causes dysbiosis [113] . Lack of VDR in a VDR knockout mice model was found to be associated with gut dysbiosis, and Sun [114] showed that decreased expression of intestinal epithelial VDR leads to fewer butyrate-producing bacteria. As mentioned above, butyrate prevents mucosal inflammation. In addition, Sun [114] found that administration of the bacterial product butyrate increased intestinal VDR expression. Besides its effects on intestinal barrier integrity, VDR has a strong influence on innate immunity and host defense in the gut, and has protective effects on colorectal cancer [115] .
Western-style Diet Bacteria, Bile Acids, and Vitamin D Our dietary habits can increase or decrease the effectiveness of vitamin D in the gut. In case of Western diet, the Western-style diet gut bacteria contribute to bile acid homeostasis in the host through deconjugation and dehydroxylation reactions to form secondary bile acids. Bile acids as deoxycholic acid and lithocolic acid have at least 2 drawbacks: 1) they create an unsuitable habitat for vegetarian/vegan diet bacteria and reduce biodiversity in the gut; 2) they are ligands for VDR, reduce vitamin D effectiveness, and increase the risk of diseases.
Administration of Vitamin D and Other Dietary Supplements
Administration of anti-inflammatory dietary supplements, in particular those of the first group in Table 2 , in association with an anti-inflammatory diet, represents a good choice to improve wellness and quality of life in persons with MS, reducing fatigue and delaying the progression of disability. Treatment with dietary supplements should comprise probiotics, prebiotics, vitamin D and vitamin A.
Vitamin D should be supplemented until its serum concentration is 30-60 ng/ml, required for binding to VDR. The dosage of vitamin D administration is still controversial. In our experience, low dosage (about 700 IU/day) is ineffective [105] and higher amounts (> 3500-5000 IU/ day) are required. Other useful dietary supplements are lipoic acid and omega-3 PUFAs (fish oil). A formula with a mixture of n-3 and n-6 PUFAs gave good results [116] , Fig. 4 . Role of active vitamin D and vitamin D receptor (VDR) in inflammation, through their binding to the retinoid X receptor (RXR), activated by retinoic acid (RA) VDR = vitamin D receptor; NF-κB = nuclear transcription factor kappa B; n-3 PUFA = omega-3 polyunsaturated fatty acids; RA = 9-cis-retinoic acid; SIRT-1/2 = sirtuins (deacetylating enzymes); NO = nitric oxide; ROS = reactive oxygen species; MMP = matrix metalloproteinase but in the case of MS we consider a better choice the consumption of n-3 fatty acids only.
Probiotics and prebiotics should be taken often, if necessary. Physical activity should be practiced frequently.
Fecal Microbiota Transplantation
Fecal microbiota transplantation (FMT), applied for the first time in 1978 to treat Clostridium difficile infection, is a technique based on the transfer of fecal content from a healthy donor to an individual with gut dysbiosis to restore a balanced microbial community. The FMT intervention has proven to be very effective, improving specific chronic diseases associated with gut dysbiosis [117] .
At present, FMT is considered to be like an organ transplantation but without the problem of immunological rejection. FMT could be an important therapeutic practice to improve the course of MS, as it has been shown that people with MS have a dysbiotic gut microbiota, and could also be effective in other neurological disorders.
That feces transplants from healthy to sick individuals may be beneficial is substantiated by the observation that older fish live longer after eating microbes released from the feces of younger fish [118, 119] . However, it should be considered that fecal transplants are not well defined in composition. The nature of feces is very composite: in addition to viable bacteria, viruses, archaea, fungi, toxins, and other metabolites are also delivered and contribute to modifications of host gut microbiota [120] . The impression is that this technique is still rather rough and depends a lot on the choice of the donor. Until it is improved, FMT could be avoided if effective intervention is achieved by high-doses of probiotics and prebiotics.
Conclusions
This work concerns the role of nutrition and dietary supplementation in MS and takes into account the effects they have on the disease through the gut microbiota of the host. In fact, while it is still unclear what nutrition has to do with a chronic neuroinflammatory disease such as MS, it seems now established that the gut microbiota has important effects on the human health. Hence, it is important to investigate its involvement when applying a nutritional intervention with the aim of ameliorating the wellness of persons with MS.
Here, we argue that the link between nutrition, gut microbiota, and MS is low-grade inflammation and that the extent of low-grade inflammation largely depends on dietary habits and their effects on the gut microbiota and the host.
However, the gut microbiota is very complex and dynamic, and its relationships with the host are complex and intricate, as they include not only the relationship between microbe and host (related to how the microbiota affects human health), but also the relationships between host and microbe, and between microbes. This implies both a number of mutual interactions of the microbiota with the host and between neighboring microbes, and a number of related effects-some beneficial, some harmful-on the host microbiome as an ecosystem. Moreover, the relationship between the host and the gut microbiota evolves with different pressures because the microbiota compete within the host ecosystem, whereas the host evolves while keeping the ecosystem under control [121] .
What is in common in this complex network is nutrition. Both gut microbiota and the host feed and change accordingly, but it is the host who decides how to feed. Here we describe how persistent dietary habits and vitamins D and A shape gut microbiota composition and influence low-grade inflammation and the course of MS.
To break down the complexity of the topic covered by this study, we have reduced the gut microbiota to two main classes of bacteria (the Western-style diet bacteria and the vegetarian/ vegan diet bacteria) on the basis of their dietary preferences towards 2 main types of diet made available by the host: the Western (W) and the vegetarian (V) diets. The Western-style diet is hypercaloric and proinflammatory, based on animal food and low in fiber; the vegetarian/vegan diet is antiinflammatory and rich in fiber.
This subdivision of gut microbiota has been made on the basis of the food preferred by specific gut bacteria and on the observation that dietary habits change the population of gut microbiota and modify their mutualistic relationship with the host. As mentioned above, the gut microbiota is in a complex symbiotic relationship with the host, as it modulates gut homeostasis, cooperates in the digestion and absorption of nutrients, and interacts strongly with the host at the metabolic, endocrine, immunological, and neurological levels [122] .
As shown in this work, the Western-style diet leads to gut dysbiosis and changes the interaction of gut microbiota with the host metabolism and immune system towards a state of low-grade inflammation, whereas vegetarian/vegan diet bacteria provide several molecules useful for the host (mainly SCFAs obtained by the fermentation of fibers, complex carbohydrates indigestible by the host). Other beneficial roles of vegetarian/vegan diet bacteria include their contribution to the integrity of the intestinal barrier, the prevention of colonization by pathogens, and modulation of the development and the activity of GALT. These effects may be lost when the Western-style diet bacteria prevail.
We have shown here that the gut microbiota can adapt very easily to dietary changes; however, only persistent dietary habits cause a persistent change of gut population. This means that the occasional intake of proinflammatory foods is not deleterious. What is deleterious is their prolonged intake. In fact, only in the long run can a Western-style diet establish the conditions (decrease in both vegetarian/vegan diet bacteria and gut microbiota diversity) favoring the development of intestinal endotoxemia, an increase of gut barrier permeability, and the onset of low-grade systemic inflammation. Neuroinflammatory disorders can then follow if there is disruption of the BBB, upregulation of microglia and astrocytes, and, eventually, autoimmune processes as in MS, stroke, autism, AD, and PD.
An important question remains: does gut dysbiosis precede MS, or does MS lead to gut dysbiosis [123] ? This is the classic Bchicken or egg^dilemma.
The question is malicious, as communication along the brain-gut axis is, in fact, bidirectional. What is usually left out in this connection between gut and brain is the nutritional aspect. In fact, what drives the metabolic evolution of host and microbiota ecosystems are dietary habits and lifestyle. These can affect the status of gut microbiota, and set up the premises for disease or for the recovery of a healthy condition, leading to worsening or improvements. It has been shown that people with MS have distinct gut microbiota [45] [46] [47] . The question is whether the gut microbiota associated with MS is a result of the disease, or the premise for the low-grade inflammatory status originating from the intestine. Actually, the relationship between BMI and MS indicates that individuals with a high BMI before the age 20 years have a 2× increased risk [15] . In the 2-way path between the gut and the brain, the low-grade inflammation originating in the intestine moves to the brain and not vice versa. Moreover, there are 2 barriers in this path between gut and brain, the gut barrier and the BBB, and it is easier for intestinal inflammation to cause disruption of the BBB and not the other way around.
Another important dietary aspect in MS is hypovitaminosis D, common in people with MS. Fundamentally, this hypovitaminosis may derive from different anomalies: 1) dietary deficiency or low sunlight exposure; 2) altered absorption; 3) increased requirement; 4) increased rate of inactivation and excretion; 5) impaired activity of CYP enzymes in vitamin D metabolism (defective synthesis or quick degradation of the active form); 6) lower capability of binding VDR owing to receptor polymorphism or to the competitive binding of bile acids to VDR. Among the above points, the binding of bile acid to VDR connects with gut dysbiosis the low anti-inflammatory activity of vitamin D, whereas the impaired activity of CYP enzymes may be related to diet and molecules present in processed food. Both aspects should be studied in depth.
Finally, the role of vitamin A and the importance of its administration in MS together with vitamin D should be acknowledged.
We hope that one day we will understand that food is not only pleasure, subsistence, a recipe, a ritual, a way to be together, a symbol of wealth, but that it serves to make us feel better, a means to respect ourselves and to prevent illness. Two thousand years ago, Hippocrates said that food should be our medicine and medicine our food. Nowadays, we have begun to understand that nutrition can really influence our health and we are also beginning to know how it works.
As we started work on the relationship between nutrition and MS 13 years ago nobody believed that such a connection really existed. The same happened with gut microbiota: only 7 years ago was the idea that gut microbiota could have a role in MS considered speculative, but then the role of gut microbiota in neurological disorders became increasingly interesting [11, 44, 124] ; for a review see [125] . Now things are changing: more people are taking into consideration the role of dietary intervention in MS [126] [127] [128] and the role of gut microbiota in MS.
Most of the work on gut microbiota has been carried out in experimental models. According to Wekerle [129] , in MS the pathogenic mechanisms require at least 3 factors: a genetic disposition, a proinflammatory intestinal microbial profile, and the accumulation of autoreactive T cells in GALT.
The presence of a proinflammatory status originating in the intestine has also been demonstrated in humans. As already mentioned above and in Fig. 2 , Th17 cells are involved in the pathogenesis of MS and an important role has been assigned to IL-17, which has been found in the active plaques of MS lesions. Recently, the presence of effector Th17 cells has been observed in tissues collected from patients with relapsingremitting MS by esophagogastroduodenoscopy (small intestine). Their presence was linked to specific microbiota changes (lower in Prevotella, higher in Streptococcus) [130] .
Unfortunately, the role of nutrition in MS is neglected at present, but among the good news we can say that the National Society for Multiple Sclerosis is responding to the request by patients of MS of more focus on wellness [131] and is creating a wellness group [132] . It will be of the outmost importance that this group creates dietary guidelines to be transmitted to neurologists who are caring for people with MS.
In conclusion, the concept we want to express in this work is that gut microbiota has a strong impact on human health, but it is an ecosystem that evolves Bon a leash^by the host [121] . At the end, host health depends on dietary choices and the intake of dietary supplements, in particular vitamins D and A in case of hypovitaminosis.
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